Recent developments suggest that the phase transition of natural and synthetic biomacromolecules represents an important and ubiquitous mechanism underlying structural assemblies toward the fabrication of high-performance materials. Such a transition results in the formation of condensed liquid droplets, described as condensates or coacervates. Being able to effectively control the assembly of such entities is essential for tuning the quality and their functionality. Here we describe how self-coacervation of genetically engineered spidroin-inspired proteins can be preceded by a wide range of kosmotropic salts. We studied the kinetics and mechanisms of coacervation in different conditions, from direct observation of initial phase separation to the early stage of nucleation/growth and fusion into large fluid assemblies. We found that coacervation induced by kosmotropic salts follows the classical nucleation theory and critically relies on precursor clusters of few weak-interacting protein monomers. Depending on solution conditions and the strength of the supramolecular interaction as a function of time, coacervates with a continuum of physiochemical properties were observed. We observed similar characteristics in other protein-based coacervates, which include having a spherical-ellipsoid shape in solution, an
Introduction
Liquid-liquid phase separation of proteins is important for a wide range of biological functions such as subcellular membraneless organization, extracellular matrixes, and diseases [1] [2] [3] [4] . Phase separation can be explained as a partial disolvation of proteins into dense liquid droplets from a homogeneous solution which is commonly described as condensate or coacervate [5] . There is a growing awareness in many high-performance structural biomaterials that the coacervation of proteins has substantial importance as an intermediate step toward the formation of fibers, adhesives or composites. Sandcastle adhesive [6] , tropoelastin [7] , squid beak [8] , nacre [9] , mussel foot adhesive [10] , velvet worm adhesive [11] , are a prime example of this.
Coacervation of these proteins is a spontaneous assembly process in aqueous solution, either in response to changes in the physico-chemical solution conditions (protein concentration, ionic strength, temperature, and pH), which has been described as one component coacervation, or as the result of neutralization of charged groups by oppositely charged protein species. This is known as complex coacervation. Complex coacervation is either enthalpically or entropically driven assembly, with often a combination of electrostatic, cation-p, and hydrophobic inter-intra interactions driving the phase separation [12, 13] . In contrast, one component coacervation is considered an entropically driven phenomenon and it generally depends on hydrophobic interactions [14] .
Changes in the ionic conditions have been found to be one of the most influential parameters in the condensation of natural and engineered proteins [7, [15] [16] [17] [18] [19] [20] . This is because ion specificity and the Hofmeister effect have a substantial influence on the behavior of water molecules ( Fig. S1a) [21] [22] [23] . Depending on the binding strength of the ionic species, water molecules can be either structured or unstructured in aqueous solution. This can ultimately alter water-water, water-protein, and protein-protein interactions. It is widely recognized that the Kosmotropes exhibit strong bonding interactions with the water molecules, and water can form a strong hydration layer around the ionic species (Fig. S1a) [21] [22] [23] . Addition of kosmotropes results in a salting-out effect, by reducing the accessible surface area of the bulk water and making water a poor solvent for the protein. This results in lower protein solubility and higher stability in the aqueous solution by promoting higher inter-intra hydrophobic interactions. This phenomenon has been found to have a substantial importance in the phase separation of biomacromolecules in various biological systems as well as in engineered systems with diverse functionalities [21] [22] [23] .
One biologically relevant example where kosmotropes play an important role can be seen in the formation of spider silk. Earlier findings suggest the addition of kosmotropes such as phosphate and potassium and a simultaneous reduction of pH and removal of water are the key intermediate steps toward the formation of tough fibers [15, 24] . Other works, such as the study of complex coacervation of recombinantly produced mussel adhesive protein in the recent years, have provided great details on how Hofmeister series salt ions can effects the dynamics, structural conformation, interfacial tension and surface adhesion of coacervation [25, 26] . Potentially, similar studies could be carried out on different engineered systems to elucidate the effect of Hofmeister series salt.
Particularly, this has immense interest related to the coacervation of other structural proteins such as silk, elastin and resilin [7, 27, 28] .
We previously demonstrated that a recombinantly produced spidroin-inspired 3-block protein architectures called CBM-eADF3-CBM can undergo liquid-liquid phase separation and formation of a one component coacervate [27, 29, 30] . Design included a mid-block adapted from 12 repeats of load-bearing repetitive residues 325-368 from the sequenced fragment of Araneus diadematus major ampulla gland silk fibroin 3, with alternating hydrophobic (poly-A stretches) and hydrophilic (G and Q rich) stretches. This was flanked at the N and C-terminal using an identical protein called cellulose-binding module (CBM). Coacervates formed spontaneously at high protein concentration under low ionic strength [27, 29, 30] . We also found that the same system can also undergo phase transition and formation of another type of coacervate at high ionic strength. To make a distinction between the two described coacervates, according to differences observed in the physical properties we named them liquid-like coacervate (LLC) and solid-like coacervate (SLC) respectively [27, 29, 30] .
We hypothesize that such distinct differences arise from secondary structure conformation, and by altering the protein concentration versus salts conformation can fine-tune, thus expect the formation of coacervates with the continuum of physico-chemical properties. In this work, we carried out a detailed experimental analysis of the same protein and evaluated how one-component coacervation can be induced with kosmotropic salts. We hypothesize this can be considered as a scalable processing step for pre-molecular self-assembly and structuring of our recombinantly produced protein toward fabrication of protein-based materials with the desired functionality as an adhesive in dried conditions. We demonstrate how kosmotropic salts can be used to accurately control the phase behavior and dynamics of the coacervation assembly with continuum of properties ranging from liquid to solid-like behavior. We gain a detailed understanding of the phase behavior of the recombinantly produced protein and how these differences emerges from secondary structure conformation. We show how accurately dynamics and the structure formation can be controlled at multiple length scales, towards diverse coacervate assemblies with a wide variety of physiochemical properties.
Results and discussion

3-block silk-like protein undergoes self-coacervation in presence of various kosmotropic salts
In the present work, we systematically exploit the effect of the biologically relevant potassium phosphate salts on the phaseseparation of genetically engineered 3-block silk-like protein architecture [27] [28] [29] [30] . In addition to that, we tested seven other kosmotropic salts. These were ammonium sulfate, sodium sulfate, ammonium phosphate, sodium phosphate, ammonium acetate, potassium acetate, and sodium acetate. As the first step, we tested sixty-four conditions in which salt versus protein concentration were altered. For the salts, concentrations ranged from 0.05 to 1 M and protein concentrations ranged from 0.058 to 117 mM. We measured changes in the turbidity of the samples by recording absorbance changes at 600 nm to detect the coacervation, which accompanies phase-separation of the silk-like protein in solution, which resulted in the phase-diagram for each salt type at 23 ± 1°C ( Fig. 1a ). Intermixing of the highest protein (117 mM) and salt (1 M) concentrations resulted in an instant turbidity change. In a matter of seconds, this reached a point that one could easily observe the immense transition from transparent to turbid solutions. We noted that not all salts have an equal effect on tur-bidity. In order, sodium sulfate > ammonium phosphate > sodium phosphate > potassium phosphate > ammonium sulfate > potassium acetate > sodium acetate > ammonium acetate found to have an increasing effect in terms of inducing phase-separation ( Fig. S1b ). As expected the order of the divalent and monovalent anions follows the classical Hofmeister series, with ammonium sulfate being the only exception. In contrast, monovalent cations did not follow the Hofmeister series as their counter anion. A simultaneous decrease in the concentration of either protein or salt resulted in less turbid samples. This could reach a point, where no obvious changes could be detected at 600 nm absorbance. In almost all cases, the boundary for the turbidity was found to be at the critical concentration of 1 mM for the protein versus 0.2 M for the salts with a concave up-decreasing coacervation boundary. There was one exception however, 20 mM and 0.3 M was required for all the acetate salts.
One component self-coacervation of the CBM-eADF3-CBM follows classical nucleation theory
To better understand the start of the assembly and the coacervation kinetics, one concentration combination close to, and one over the phase separation boundary, were selected. This was solely implemented to have not as much rapid increase in the turbidity. This provides slower assembly kinetics for more reliable measurement and better resolution over the longer time period in contrast to higher concentration combinations ( Fig. 1b and S2-S9). We selected the protein concentration of 5.8 mM and salt concentration for sulfates and phosphates of 0.8 M ( Fig. 1a ). However, for the acetates, we needed to select a ten times higher protein concentration (58.8 mM) to be close and over the coacervation boundary. The onset of turbidity was found to be between 0.1 and 0.13 absorbances for all the samples ( Fig. 1c ). Independent of the salt species, turbidity started to increase gradually over a period of two hours. This continued to increase for all the sulfate and phosphate salts, until the time point of about five hours. After this, a slight decrease in the turbidity was noted, potentially due to partial sedimentation. This was followed by a plateau region and unchanged until the rest of the measurement. Acetate species showed a similar trend, however, with the lowest changes in the turbidity. There is growing evidence that coacervation involves the assembly of proteins into condensed droplets. However, the nature of the assembly mechanism remains unclear with respect to whether it follows the classical nucleation theory, spinodal decomposition or non-classical theory. In our experimental readouts, there is a classical nucleation theory [31] [32] [33] , in which one can divide the assembly process into two steps of nucleation and growth, followed by a stationary phase ( Fig. 1c ). Classical nucleation theory is one of the fundamental theoretical model used to describe the kinetics of nucleation with broad applicability in various equilibrium systems [34] . According to this theory, in the early stage of phase separation, our system require (comment: Check that it does not change the meaning of the sentence) to overcome an activation energy barrier and formation of spherical nucleus rich in proteins with the same macroscopic structural features and density [35] . The theory also describes the existence of a sharp interface between the nucleus and the solution, with the protein content increasing rapidly upon the coalescence of neighbouring assemblies ( Fig. 1c-f ). To our knowledge, this work illustrates the first experimental evidence illustrating protein-based simple coacervation that undertake classical nucleation theory with relevance to the coacervation of other structural proteins such elastin and resilin [27, 28] .
Coacervation critically relies on precursor clusters of a few weakinteracting monomers
Following our observation, we performed scattering size distribution analysis on the corresponding samples over the same time period. This enabled us to get a direct readout of the nucleation step and determine roughly hydrodynamic diameters of the coacervates and correlated that to the changes in the turbidity of the samples. Surprisingly, we found that even in non-coacervated con-ditions, CBM-eADF3-CBM solutions have precursor clusters with an average size of about 35 nm ( Fig. 1c ). We found this value to be higher than what would be predicted for monomers (~10 nm), and suggest that these are the clusters of 3 to 4 weakly interacting monomers. Such cluster size distributions can be expected for a socalled super-saturated system in the first order phase transition described in the classical nucleation theory [33, 36] . In such a system, there exists a nucleation barrier and a critical size above which precursor clusters grow and mature as a function of time in response to changes in the solution condition. If the system does not pass the nucleation barrier and the critical cluster size distribution, condensation will not occur.
To test that this phenomenon also applies in our system, we looked at a concentration above and below the phase separation boundary. We tested this by keeping the protein concentration the same (5.8 mM in case of sulfates and phosphates and 58.8 mM in case of acetates) while altering the salt concentration to cross the phase separation boundary. We selected 0.2 M as the salt concentration in which no phase separation was observed and 0.8 M as the salt concentration in which we noted phase separation occurs in the given protein concentrations for all the salt species. After addition of 0.2 M salt, we observed the formation of assemblies with the average sizes ranging between 50 and 65 nm ( Fig. S10 ). This remained unchanged and below 100 nm during the rest of the measurement for all the salt species. Addition of 0.8 M salt, on the other hand instantly initiated the formation of much large protein assemblies. Already after a few minutes into the equilibration, assemblies with the sizes of about 100-150 nm were observed. Over the next two hours, we noted that these assemblies gradually grew up to around 300-700 nm through the recruitment of other dispersed weakly interacting protein clusters from the solution and coalescence of the smaller coacervates ( Fig. 1d and S11), after which the system reaches an equilibrium state. With this, we defined the approximate nucleation barrier and critical cluster size distribution over which condensation will occur in our system to be 100-150 nm. With this, we provided the first experimental evidence of the critical cluster size distribution and nucleation barrier of a protein-based simple coacervated system in a super-saturated system in the first order phase transition described in the classical nucleation theory [33, 36] . Furthermore, a constant increase of the droplet size implies no redissolution of the proteins in the droplet with the surrounding solution and formation of structurally stable assembly in the solution. High-resolution electron microscopy and 3D reconstruction of individual coacervates assemblies revealed the formation of the heterogeneous interconnected bicontinuous network (Fig. 1e, 1f and video 1), which has been found to be one of the main characteristics of coacervated protein in a natural or engineered system [27, 28, [37] [38] [39] . Looking at the data points during the stationary phase, we noted an increasing standard deviation leading to the point that measurements could not be performed. As the coalescence becomes a diffusion-limited process, which results in the formation of non-uniformly sized droplets, the DLS typically has low-resolution for samples with a large polydispersity index ( Fig. S12 ).
Coacervation involves a time-dependent conformational conversion
To monitor possible conformational transitions of a coacervate during nucleation-growth in the stationary phase, we used Thioflavin T (ThT) dye. ThT has a specific binding affinity for the b-sheet structures of proteins and can be used as a detection marker [40, 41] . Upon binding, ThT exhibits enhanced fluorescence intensity at 492 nm, characteristic for the formation of b-sheet structures after addition of the salts (Fig. 2a ). Independent of the salt type we observed an increase in the fluorescence intensity. After twelvehours of incubation, readout showed three distinct regions. A relatively short lag phase ( Fig. S13) , an elongated growth phase and a stationary phase. Fluorescence did not increase until about one hour into the incubation time course, after which we noted a rapid increase of signal. This coincides with the early stage of nucleationgrowth phase that was defined earlier by DLS (Fig. 1c ). In this case, given the collection of molecules, there exists a critical subset of cluster sizes (~100 nm) distribution of entangled silk-like proteins crucial for the start of the b-sheet structure formation ( Fig. 1d  and 1e ). Moreover, conformational conversion and structuring of the coacervates continued up to eight hours, even though the average size of the coacervates remained relatively unchanged after two hours throughout the rest of the measurement. However, after eight hours, we only noted negligible changes in the fluorescence intensity. This suggests, there exists an optimum structural maturity and kinetic arrest for the coacervates over time. Furthermore, looking at the effect of each salt species, not all have the same effect on the conformational transition. Sodium sulfate and ammonium acetate were found to be the most and least influential salts respectively, where every other salt fell in between these two ( Fig. 2a and S14).
From the turbidity measurement, we anticipated a range of conformational conversions in response to the changes in solution conditions. Fig. 2b and S15-21 illustrates fluorescence microscopy images, corresponding to the concentration combination used in turbidity measurement. We found considerable differences in the fluorescence intensity signal. Increasing concentration of salt resulted in a greater degree of structural changes and the formation of coacervates with high b-sheet content. Moreover, the highest salt concentration led to a faster transition rate and resulted in higher b-sheet signals independent of protein concentration (Fig. S22) . In contrast, we noted a dramatic decrease in the rate and dynamics of the transition and overall b-sheet content if the salt concentration was lowered. For the lowest content of salt, we found this structural conversion become minimal and the proteins mostly retained their a-helical conformation with a relatively small amount of b-sheet (Fig. 2b) .
To identify the initial conformation of the protein and reevaluate the observations made by ThT assay, we performed circular dichroism (CD) (Fig. 2c ). We found that the initial solution conformation to be predominantly a-helical. This can be identified from the negative signatures bands at~210 and~223 nm. Addition of salt resulted in a shift toward a single negative band. One hour into the incubation, this band shows around 230 nm. However, we noted a gradual shift towards~225 nm after five hours, which remained unchanged throughout the rest of the experiment. This can be interpreted as b-sheet conformation, with the difference that the band for a typical protein having a b-sheet conformation falls between 210 and 223 nm. Such lower spectra have been observed for partially soluble assemblies with intrinsic longrange b-sheet conformation, as in amyloid-b fibrils [42] . These observations were in agreement with the ATR-FTIR measurement of the dried protein samples, with a clear shift for the amide I band from 1635 (dominantly a-helical) to 1622 (b-sheet) ( Fig. 2d ).
Using multiple prediction programs ( Fig. 2e) , we then searched for the structured region in the primary sequence of the spider silk originated repetitive block. This was carried out by computing the average flexibility, buried residues, as well as coil and alpha-helix scale profiles in the form of 2D plots for residues 325-368 of Aaraneus diadematus spidroin 3 [43] [44] [45] and by assigning numerical values to each amino acid. The results suggested that domains containing poly-alanine stretches, display a propensity for a-helical conformation. Previously, NMR in pure solution has been used to identify molecular interactions among macromolecular components, as well as to determine the structure of subunits that undergo liquid-liquid phase separation [46, 47] . However, the structural organization of coacervate droplets using solutionstate NMR was challenging to identify due to the reduced diffusion of molecules, the high viscosity of the solution and the gradual sed-imentation of coacervate droplets due to the long measurement time [48] . Instead, solid-state NMR has previously been employed to study the structural organization of protein-based hydrogel and fibrillar assemblies in hydrated state that are very similar to the coacervated system [49] [50] [51] [52] . Here, we combined solution and solid-state NMR spectroscopy to obtain an atomic-level insight into the poly-alanine conformation before and after coacervation by discriminating between the peaks corresponding to alanine Ca and Cb. The chemical shift for 13 C was found to be sensitive to slight differences in the structural conformation. Fig. 2f illustrates the comparison of 13 C NMR spectra (aliphatic part) of the silk-inspired protein before and after coacervation, demonstrating the chemical shift for the Alanine Cb and Ca. The alanine shows strong peaks at 52.98 and 16.28 ppm. These correspond respectively to Ca and Cb of Ala residues in the a-helical conformation [53] [54] [55] . In contrast, after coacervation, we noted a clear shift (Ca = 49.98 ppm and Cb = 21.26 ppm) for both carbons, which was previously associated with conformational conversion of Ala residues to b-sheet [53] [54] [55] .
To summarize, we tested the molecular structuring of coacervates in solution, semi-hydrated and dried state using four different techniques. Combining all the results, we find very clear evidence for conformational conversion as a progressive event taking place throughout the nucleation, growth and maturity steps of the coacervate in this study.
Diverse coacervate assemblies with different physical properties
At high protein concentrations (~117 mM), we noted the formation of various coacervate assemblies with diverse morphological characteristics in response to changes in the salt concentration ( Fig. 3) . For potassium phosphate, three very distinct assemblies could be observed unlike other salt species. Independent of surface chemistry, the same phenomena could be observed on both hydrophilic (glass) and hydrophobic (polystyrene) surfaces (Fig. S24 ). From 0.25 to 0.45 M, coacervates with ellipsoid shapes were formed while maintaining their individual integrity. We noted that the shape of the coacervates became more irregular and spread after an increase in protein concentration. Depending on the concentration of the potassium phosphate, the sizes of these assemblies ranged from~20 to 300 mm. Between 0.5 and 0.6 M, we noted the protein can fully phase separate into a single continuous phase after wetting and spreading on the substrate. Above 0.6 M, we only observed the formation of coacervates with sizes about 2-3 mm clustered to form a multilayer film. One interesting observation for coacervates induced using lower salt concentrations was that the ThT fluorescence signal was distinctly stronger at the circumference while having lower intensity in the core of the condensates (Fig. 3) . This was distinctly different from higher salt concentrations, in which the ThT signal observed uniformly throughout the assemblies. We found such a feature to be more evident at 0.35 and 0.45 M. A likely explanation is global reduction of the conformational entropy while increasing the structure formation mainly at the interface of the assemblies that are more exposed to the potassium phosphate in the solution. Upon an increase in the salt concentration this feature propagates through the entire protein network to form a uniform b-sheet rich structural conformation.
To investigate what the key intermediates steps are toward the formation of such unique structures, we selected three salt combinations (0.4, 0.6 and 0.8 M) as in Fig. 4a and video 2 and followed their assembled steps over an eight hour time period. In all cases, we found that the assembly initiates through the formation of spherical/ellipsoid-shaped coacervate droplets while being suspended in the solution. Coacervates started to form instantly while being suspended in solution. This was independent of the salt concentration. As the coacervates grew large (1-2 mm), we noted they respond to gravitational forces and began to sediment from the bulk suspension on a timescale of minutes. We noted coacervates are subjected to both Brownian motion, as well as a constant gravitational pull. This results in coalescence ( Fig. 4b and video 2) of the coacervates as they collide and wet the surface simultaneously. Even though the start of the assembly remained the same in all cases, we noted that the intermediate kinetic steps for low, medium and high salt concentrations are considerably different. For 0.4 M salt, the size of the assemblies increased constantly over an eight hours time period (video 2). In the case of 0.6 M salt, after only two hours of incubation, coacervates were assembled into a continuous phase. In the next six hours, we found that almost all the coacervate droplets suspended in the solution were recruited into the continuous phase on the substrate (video 2). In contrast to low and medium salt concentrations, coacervates triggered by high salt remained morphologically unchanged after fifteen min-utes, which over time formed a thick clustered layer on the surface by a close-packed array of~2-3 mm spherical coacervates (video 2).
Since condensation of the protein was found to be timedependent in regards to conformational conversion, we anticipated depletion in the fluidity of the coacervate with the increase in the net inter-molecular attractive forces mediated by the addition of kosmotropic salts. For that, we followed the evolution of the inter-molecular network and alteration in the mesoscale diffusion dynamics within the coacervates over the same time period as in Fig. 4b , using fluorescence recovery after photobleaching (FRAP). Data obtained from the FRAP measurement showed two very separated trends. First, with the increase in salt concentration, we found a substantial decrease in diffusion dynamics in a very early stage of condensation (Fig. 4c ). From 0.4 to 0.8 M, the diffusion rate decreased approximately three fold. Second, diffusion decreased as the coacervates were incubated for a longer time period. We found that the coacervates move from liquid-like to more solid-like characteristics. This was independent of salt concentration, with the difference that assemblies with 0.8 M salt reached to a kinetically arrested state faster. They also display more prominent characteristics as seen in a hard gel due to physical crosslinking from b-sheet and formation of the bicontinuous network. A similar trend has been associated with membraneless organelles and their development toward diseases [56, 57] . It has been illustrated that if the strength of the inter-molecular interactions within the proteinrich condensate increases, this can cause the fluid assembled to gradually transform into a hard protein gel, aggregates, and even crystals.
Using the coacervate as a cellulose binder
Earlier we demonstrated that coacervates of CBM-eADF3-CBM induced by changes in the protein concentration show properties that are suitable for binding different cellulosic substrates in the dried state [27, 29, 30] . Based on FRAP measurement we found that coacervates induced by 0.4 M potassium phosphate display very similar physiochemical characteristics. Therefore, we explored similar possibilities in this study. To test adhesive characteristics of coacervates we induced bulk phase separation. Phase separation instantly started and the dense phase of the solution containing the coacervates was settled at the bottom of the tube by applying centrifugal forces, while the dilute supernatant phase of the protein solution remained at the top (Fig. 5a ). After this, 30 ll of the dense phase was applied on a 1 cm 2 joint, allowed to solidify and cure at ambient conditions after water evaporation to form the joint. We used bacterial cellulose (BC) as the primary substrate. BC was selected for two main reasons. Firstly, it is entirely made from cellulose and we anticipated stronger affinity of the CBM-eADF3-CBM to a purely base cellulosic substrate. Secondly, BC has remarkable stiffness and strength, enabling greater mechanical load on the adhesive matrix before catastrophic failure. Bond strength varied between 2 and 24 N/cm 2 depending on the dry mass content of the adhesive (Fig. 5b) . Off all samples, 1 mM showed the highest bond strength of 24 N/cm 2 ± 5, while decreasing the mass of adhesives resulted in a substantial decrease in the bond strength. This reached to the point that we were not able to record any forces for the lowest concentration (0.1 mM) as the dense phase formed a very weak joint. Comparing to the earlier effort, in which LLC were was used for binding the same substrate, we noted salt induced coacervate exhibit lower strength and but also lower work of fracture, corresponding to the area under the fracture curve. [27, 29, 30] Such changes could be explained due to conformational differences between the two coacervate types. In which LLC exhibit amorphous nature with low or close to none b-sheet content [27, 29, 30] . This enables the adhesive matrix to dissipate greater energy before catastrophic failure. Whereas salt induce coacervate show some degree of conformational conversion from amorphous to semi-crystalline, thus stiffer adhesive matrix.
Conclusions
In the present work, we analyzed the coacervation of recombinantly produced spidroin, inspired by a 3-block architecture, in a wide range of kosmotropic salts in vitro. Conditions were carefully controlled, which allowed us to systematically characterize the dynamics of the start, intermediate and later stages of assembly through a combination of different microscopy techniques and spectroscopy measurements. This led us to structurally and functionally different coacervate assemblies at various concentrations of protein versus salt. Independent of the salt species, we found that the self-assembly of the coacervates accompanies classical nucleation theory and critically relies on precursor clusters of a few weak-interacting monomers. We followed early stages of nucleation close to the coacervation boundary (low protein concentration) and noted assembly initiates at nanometer length scales through recruitment of precursor clusters from the surrounding solution. Once the condensates reach a critical size, we observed they undergo uncontrollable growth, by coalescing with the other condensates to form larger coacervates. We found that coacervation kinetics involves a time-dependent conformational conversion of the protein from a-helical/random-coils to more bsheets. We showed that poly-alanine stretches in the load bearing repetitive region are the primary sequences undergoing this transition. Over the coacervation boundary, at much higher protein concentrations, coacervates with diverse behavior were observed. These ranged from the rapid restriction of droplet growth, extensive clustering and maintaining individual droplet integrity, gravitational sedimentation and surface wetting and spreading upon contacting to both hydrophobic and hydrophilic substrates. Many of the observations we report here could be a generic property for many other existing molecularly engineered structural proteins. Future development could focus on altering amino acid sequences and block architecture for more robust assemblies and functionalities. This could also likely bring new understanding to the overall question of functional assembly in protein-based biomaterials. We think the results presented here in this work could have a substantial relevance in the diverse area of soft matter research [58] , with implications in practical applications such as coatings, adhesives and composites.
Materials and methods
Cloning, protein production, and purification
Cloning, protein expression, and protein purification carried out as described previously [27, 29, 30] . Shortly, genes encoding twelve time repeats of residues 325-368 of Aaraneus diadematus spidroin 3, [43] [44] [45] gene sequence encoding cellulose binding module from Ruminiclostridium thermocellum, [59] and gene sequences encoding the C-terminal and N-terminal linkers of spidroin 1 from Euprosthenops australis [60] , were codon optimized and synthesized by GeneArt gene synthesis for expression in E. coli. Fusion constructs assembled using seamless golden gate cloning [61] [62] [63] , in a conventional pE-28a (+) (kanamycin resistance) expression vector six histidine purification tag at the C-terminal. MagicMedia TM was used as the expression media. For purification, either HisTrap columns were used or for larger scale purification cell lyse were heated for 30 min at 70°C to precipitate other proteins except for the silk-like fusion constructs. Proteins were then desalted using Econo-Pac gravity flow column using Milli-Q water. This was followed by an additional wash (3 times) using 50,000 molecular weight cut-off vivospin centrifugal concentrators to remove the lower molecular weight of truncated silk-like fusion protein that was co-purified alongside of the intact silk-like fusion constructs during the purification step. Samples were then stored in À80°C until use.
Hofmeister ions
In the present work, the coacervation of a protein inspired by spider silk was studied with the common series of Hofmeister salt ions. All salts, including K 2 HPO 4 , Na 2 HPO 4 , (NH 4 ) 2 PO 4 , Na 2 HSO 4 , (NH 4 ) 2 SO 4 , KCH 3 CO 2 , NaCH 3 CO 2 and NH 4 CH 3 CO 2 , were purchased from Sigma-Aldrich with the purities grade ranging from 98% to 99.5% unless otherwise stated in the text. All the salt solutions with the desired concentrations were prepared in a 10 mM Tris-HCL buffer (pH 7.4). All the salt solutions were prepared fresh before each measurement. Note: Tris-HCL buffer alone did not trigger coacervation of the protein.
Turbidity measurement
Coacervation detected by measuring changes in the turbidity of the samples at 600 nm (OD 600 ). This was carried out using Synergy TM H1 multi-mode microplate reader. The coacervate amount in a sample approximated to be proportional to its OD 600 . Samples were prepared directly into 96-well plates, by mixing one to one ratio of protein to salt in the desired final concentrations with the final volume of 200 ml. The temperature was kept close to the room temperature (23 ± 1°C). Before every readout, samples were shaken for 2 s. As the blank, the same volume of Milli-Q water was used. Backgrounds were subtracted from the measurement readouts.
Dynamic light scattering (DLS)
DLS carried out using a temperature controlled (23 ± 1°C) Malvern Zetasizer Nano-ZS90 equipped with a He-Ne laser (633 nm) at 90°backscattering angle. For each sample, 30 measurements carried out and the result illustrated as mean with standard deviation.
Thioflavin T (ThT) assay
ThT (Sigma) was dissolved in Milli-Q water and centrifuged at 16,000Âg for 20 min and then filtered through a 0.2 mm syringe filter to make 1 mM stock solution. For the measurement of ThT fluorescence was diluted with water and added to the protein solutions in working concentration of 0.05 mM in the absence of salt. Protein and ThT solutions were equilibrated at 23 ± 1°C for 15 min before adding appropriate salt concentrations to the protein-ThT solutions. Fluorescence measurements carried out using Synergy TM H1 multi-mode microplate reader through the bottom of the 96 well plates with the excitation 450 nm and emission of 492 nm at room temperature (23 ± 1°C). As the control, same volume and concentration of ThT were made in combination with protein and absence of salt, in the salt solutions in the absence of protein and in Milli-Q water. Backgrounds were subtracted from the measurement readouts.
Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR)
ATR-FTIR carried out using a Unicam Mattson 3000 FTIR spectrometer equipped with PIKE Technologies GladiATR with diamond crystal plate. Before the measurement, non-coacervated and all the salt-induced coacervated samples were dried for a minimum of 12 h. This was done to minimize the noise from water molecules. All the samples were then scanned for 120 in absorbance mode within the range of 400-4000 cm À1 , with a resolution of 2 cm À1 .
Optical and fluorescence microscopy
Multiple platforms were used to visualize the coacervates.
(1) Axio Observer inverted microscope (Zeiss,) equipped with a motorized stage and AxioCam MRm camera (Zeiss), a Â 100/ numerical aperture was used for florescence imaging of the coacervates. (2) Nikon Eclipse Ti equipped with Andor Zyla sCMOS camera and x 40 objective for bight field imaging of the coacervates. (3) Leica TCS SP5 confocal microscope equipped with x 100/1.2 water objective was used for studding the nucleation and growth of the coacervates. Images were taken either in fluorescence, phase con-trast or bright field mode. Images were further processed with ImageJ [64] .
Circular dichroism (CD)
CD spectra were collected on a temperature controlled Chirascan TM CD (23 ± 1°C), using a QS quartz cuvette with 1 mm path length. Data acquisition was performed in the wavelength range 190-260 nm and 1 nm bandwidth, with 1 nm steps and averaging time of 0.5 s. We repeated eight-time every measurement, which was then averaged and smoothed.
Fluorescence recovery after photobleaching (FRAP)
Lysine amino acids of the terminal CBM labeled using Oregon Green 488 (carboxylic acid, succinimidyl ester, 6-isomer), according to instructions provided by the distributer (Thermo Fisher). FRAP experiment carried out by using Leica TCS SP5 confocal microscope with FRAP booster (Leica DM5000) and a DD488/561 dichroid beam splitter at 63x/1.2 water objective. Samples were bleach using a laser at 488 nm. Intensity traces were collected using Leica AF Lite -TCS MP5, after passing the emission through 88/561 dichroid and detected by a photomultiplier. Intensities were corrected for photobleaching and normalized with prebleaching.
Scanning electron microscopy (SEM)
Scanning electron microscopy (SEM) performed with a Zeiss FE-SEM field emission microscope with variable pressure, operating at 1-1.5 kV. Otherwise states, all the samples were sputtered and coated with a thin platinum layer prior to imaging. For further analysis and image processing software package ImageJ [64] and ImageJ Fiji (versions 1.47d) [65] was used.
Scanning transmission electron microscopy (STEM)
Scanning transmission electron microscopy carried out using JEM-2800 Transmission Electron Microscope operated at 200 kV in a bright/dark field mode. Sample preparation was carried out by using 200 mesh carbon (CFT200-Cu) or Quantifoil 3.5/1 holey carbon copper grids with 3.5 lm holes which were cleaned using a Gatan Solarus 9500 plasma cleaner.
Microfluidics fabrication
The microfluidic device was fabricated through standard UVlithography technique. Briefly, a 50 um thick negative photoresist (SU-8 3050, MicroChem) was spin-coated on a silicon wafer. After that, a photo mask was placed onto the wafer and exposed to UV light in order to promote the polymerization of the photoresist. The master was developed using propylene glycol methyl ether acetate (PGMEA, Sigma-Aldrich) to remove the excess of photoresist.
Bioinformatics analysis
The structural predictions on the amino acid sequence carried out using ProtScale [66] . This was carried out by computing average flexibility, buried residues, coil and alpha-helix scale profile in form of 2D plots for residues 325-368 of Aaraneus diadematus spidroin 3 [43] [44] [45] by assigning numerical values to each amino acid.
Scanning transmission electron (STEM) tomography
Samples were vitrified by plunging 5 ll of the suspension into a mixture of propane and ethane (À180°C). Samples were then handled under liquid nitrogen and transferred into a FreeZone 4.5 Liter Cascade Benchtop Freeze Dry Systems equipped with collector cooling chamber at À105°C.
STEM tomographic tilt series were acquired using analytical STEM JEOL JEM-2800 microscope. Samples were tilted between ±72°angles with 8°increment steps. IMOD was used for cross correlation alignment. Maximum entropy method (MEM) reconstruction scheme, with custom made program on Mac with regularization parameter value of k = 1.0eÀ3. Chimera software package was used for visualization.
Bacterial cellulose preparation
Bacterial cellulose produced using Acetobacter xylinum grown in Schramm and Hestrin (HS) medium as described previously. The synthesized cellulose washed by addition of 200 mM NaOH solution for 48 h. Samples were then washed several time with MQ water until turned white. The bacterial cellulose was then stored in water at +4°C until they dried under ambient conditions.
Nuclear magnetic resonance (NMR) spectroscopy
Alanine Ca and Cb chemical shifts were assigned according to HSQC 13 C-1 H correlation NMR spectra for non-coacervate samples and HETCOR 1 H-13 C correlation NMR spectra for the coacervated samples. HSQC spectrum was recorded with a Bruker AVANCE III 500 NMR spectrometer with magnetic flux density of 11.7 T, equipped with a 5 mm BBFO probehead with inverse geometry. The sample was dissolved in 1:1 D 2 O:H 2 O, with a concentration of 20 mg/ml. A region selective sensitivity enhanced pulse program that utilizes adiabatic pulses on carbon channel was used in acquisition (shsqcetgpsisp2.2). Recorded spectral width for proton was 13 ppm, with midpoint of the spectrum at 4.7 ppm. The excitation range for carbon was 70 ppm, centered at 45 ppm. The average value for one-bond J-coupling between protons and carbons was set as 145 Hz. Four scans were recorded for each 512 increments in the indirectly detected dimension, delay between successive scans was 1.5 s, and acquisition time was 200 ms. Apodization with Gaussian window functions was used for both dimensions. The 13C spectrum was recorded with a pulse program utilizing an additional adiabatic flip-back pulse in order to remove the need for long relaxation delays (Bruker pulse program 'UDEFT'). Spectral width was 220 ppm, acquisition time 360 ms, and 4096 scans with a 1.5 s repetition delay were recorded. The solid-state spectra recorded at a MAS frequency of 12.5 kHz. A linear ramp from 49.0 to 61.2 kHz radio-frequency (RF) field amplitude on 1 H and 65.8 kHz amplitude on 13 C was used for CP, 0.5 ms. Spinal 64 decoupling was applied during acquisition with a 1 H RF field amplitude of 83.3 kHz and a pulse length of 5.8 ls. The acquisition time was 10 ms. The recycle delay was 2.5 s. All data was processed using Bruker BioSpin's TopSpin 3.6 software
Lap shear adhesive test
Lap-shear adhesive strength test carried out by inducing bulk phase separation using potassium phosphate (0.4 M) at various pH ranging from 5.5 to 8.5. In order to minimize the effect of crystallization of the potassium phosphate on the adhesive strength of the BC joint, supernatant was removed ( Fig. 5a ) and the dense phase was washed with MQ water. About 30 ll of dense phase spread over the area of 1 cm 2 and allowed to dry at ambient conditions for minimum of 24 h under 1 kg weight. Before adhesion test, all the specimens where equilibrated in a humidity controlled chamber at 50% RH and room temperature overnight otherwise as stated in the text. Lap-shear strength test performed using a 5kN tensile module (Kammrath & Weiss GmbH, Germany) using a 100 N load cell with the elongational speed of 2 lm/second.
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